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Abstract

Digital Twin (DT) technology is a cutting-edge innovation in Industry 4.0 that combines virtual and physical worlds to create
real-time representations of scenarios. Simulation, monitoring, and maximizing efficiency are crucial in industrial
automation and have been acquiring significant momentum. Fluid Power Application (FPA) is essential in automation,
providing accurate control and significant force through hydraulic and pneumatic systems, fluently merging into current
configurations. Although there have been significant improvements in DT technology and its prospective applications in
fluid power (FP) systems, there is still a lack of understanding regarding its practical deployment in many sectors. Thus,
this study examines the practical applications of DT in FP systems, using the knowledge presented in the previous review
papers as a foundation. Although recognizing the importance of emerging DT technology and technological enablers, this
study focuses on present FPAs where the adoption of DT is still in its early stages. Further, explores the FP systems usage,
and outlines the deployment of DT, including advantages over conventional methods, challenges, and potential implications.
Furthermore, the article explicitly outlines the technical challenges. This review study highlights literature gaps and drives
DT in FPA's research and developments.
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Introduction

FP systems, encompassing hydraulic and pneumatic
systems, are essential in numerous fields because of
their accuracy, agility, and cost-efficiency. The use of
DT technology has the potential to significantly
transform these systems by establishing virtual
replicates that are firmly interconnected with their
real-world counterparts. These virtual copies
provide instantaneous sync of data and analysis,
providing possibilities for improved control and
optimization. The review paper (1), titled "Digital
Twin in Fluid Power: Reviewing Constituents”
provides a thorough analysis of the essential
components of DT in FPAs. These components cover
physical and virtual representations, as well as
communication frameworks. This entails the
creation of precise virtual replicas for the intent of
simulations and analyzing, made possible by robust
interaction systems. The dynamic nature of DT
technology enables predictive modeling and system
enhancement, enabling smooth interaction between
both real and digital realities. This demonstrates the
transformative potential of DT in FP systems (1).

The review article (2), titled "Digital Twin in Fluid
Power: Review- Technology Trends" addresses the
potential of DT technology in FPAs, with an emphasis
onthe technological enablers and emerging
technologies. The study conducts a systematic
literature analysis to identify key aspects that enable
the deployment of DT in FP systems. These aspects
include virtual blueprints, data fusion, simulation
dynamics, control nexus, connective cloud, and
sensor insight. Furthermore, the impact of emerging
technologies such as artificial intelligence, edge
computing, 5G/6G networks, and human-machine
interfaces on the progression of DT in FPAs is
assessed. DT aims to transform FP systems by taking
advantage of these revolutionary developments to
improve efficiency, autonomy, predictive capacities,
and human engagement. This will ultimately lead to
growth and success in the FP operations (2).

This subsequent review paper intends to address the
practical application of DT technology in FPAs,
enhancing the insights offered by preceding review

papers (1, 2). The present article strives to simplify
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the current uses of FP that have not yet incorporated
DT, examining possibilities for integration,
associated benefits, difficulties, and potential
consequences. This study seeks to bridge the
disparity between theoretical comprehension and
practical implementation by analyzing case studies
and assessing the components, roles, pertinent
technologies, and technical obstacles of DT. This
review paper tries to analyze the utilization of DT in
FP systems in order to gain an improved
comprehension of how it might improve system
efficiency, autonomy, and predictive capacities. It
also highlights areas that require more research and
development. The purpose of this work is to present
and investigate seven review issues that were
obtained following an exhaustive analysis of a
collection of previously published research. (1) What
does DT stand for? (2) What is FP technology? (3)
What are the present applications of FP systems and
how can DT be applied in these applications? (4)
What are the existing FP systems that incorporate DT
technology? (5) What are the primary obstacles in
executing DT for FPA?

Fluid Power Technology Overview
FP Systems, encompassing both hydraulics and
pneumatics, are essential components in several
industries, that use pressurized fluids to exert force
and regulate motion. Derived from Pascal's rules,
these systems have undergone centuries of
development to provide energy for a wide range of
industrial purposes. Hydraulic systems, prevalent in
heavy industries, employ oil as a medium to transmit
power via three primary components: a pump,
valves, and actuators (3). They demonstrate
exceptional power density, force generation, and
efficiency in linear motion. Technological progress
following World War I resulted in the development
of hydraulic valves that allowed for accurate control
over flow, pressure, and the operation of actuators
(4). The article centers on the process of
modernizing by implementing electro-hydraulic
valves. It investigates enhancements in sensors,
controllers, and communication systems to ensure
readiness for Industry 4.0 (4). Pneumatic systems,
which employ compressed air or gases, provide
clean and lightweight solutions, particularly
advantageous in the manufacturing sector (5). The
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essential elements comprise compressed air sources,
cylinders, valves, and filters. Due to their natural
ability to adapt and their ability to change stiffness,
they are becoming more widely used in medical
applications. Advanced control techniques are used
to handle the inherent nonlinearity (5). On the other
hand, electro-pneumatic systems use programmable
logic controllers (PLC), pneumatic actuators, and
electric controls. The study explores operational
leads for Industry 4.0 adaptability without software
modification and PLC programming standards (6).

The paper highlights challenges with traditional
hydraulic systems, prompting the emergence of
power-by-wire alternatives like Electro-hydrostatic
Actuators (EHA) and Electromechanical Actuators
(EMA). EHAs integrate motors and pumps within
hydraulic actuators, while EMAs directly convert
electric power to motion, offering weight reductions
and improved reliability for aircraft (7). The work
addresses digital hydraulic systems, which utilize
discrete signals to intelligently regulate fluid flow
(8). By incorporating digital valves, pumps, and
cylinders, these systems provide enhanced efficiency
and resilience in comparison to conventional ones.
Ongoing research endeavors encompass a wide
range of areas, including component design,
modeling, control systems, energy efficiency, and
integration (9, 10). This extensive examination
shows scholarly attention to understanding FP
technology's complicated elements. As illustrated by
Figure 1, FP technology is vital for construction
machines, aviation, and manufacturing. This shows
the technology's adaptability and significance (11).
This study goes beyond general overviews to
examine specialized and innovative areas of the
work. The study explores specific topics such as
hydraulic quadruped robots (12) and EHAs in
aircraft (7), emphasizing the importance of FP in the
movement and control of locomotion and flight
surfaces. The paper addresses hydro-pneumatic
accumulators, with a focus on energy storage options
(13) and advanced control methods for pneumatic
(14). These
demonstrate the changing terrain of FP technology.

systems observations collectively
The review incorporates these observations to
emphasize FP systems' continued evolution and vital
role in modern industrial energy (14, 15). This

detailed study will be useful for practitioners
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interested in engineering complexity and
breakthroughs, particularly in FPAs. An approach
referred to as the systematic literature review (SLR)
normally consists of the following phases: preparing

the literature review, implementing the literature

Vol 5 | Issue 3

review, and interpreting and delivering the
information (16). Therefore, in order to carry out the
studies for the current review, these steps are

followed.
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Figure 1: Applications of Fluid Power in Various Sectors

Significance of Digital Twin in Fluid

Power Applications

The importance of DT technology in developing fluid
power systems it provides
capabilities that go beyond conventional monitoring

is evident since
and control. Digital twin offer a precise and real-time
digital systems by
combining sensors, data analytics, and machine

representation of physical

learning algorithms. This technological progress
enables the use of dynamic simulations and
which are
optimizing the performance and reliability of fluid

predictive analytics, essential for
power systems. The theoretical underpinnings of
digital twin technology highlight its function as a
revolutionary tool for connecting the physical and
virtual domains. The foundations of these models are
built on advanced mathematical algorithms that
precisely replicate the functioning of fluid power
elements and systems. These models provide
insights into

valuable intricate dynamics and

facilitate  well-informed

integrating real-time data (1).
In the dynamic realm of Industry 4.0, digital twin are
acknowledged as groundbreaking ideas, especially in

the domain of fluid power systems where accuracy

decision-making by

and effectiveness are of utmost importance. Digital
twin enable the improvement of industrial processes
by boosting visualization, analysis, and prediction
capabilities. This leads to preventive maintenance,
predictive modeling, and functional optimization.
This review seeks to enhance the comprehension of
digital twin principles in relation to fluid power
technology by
foundations and practical implementations.

consolidating their theoretical

Discussion

The discussion part provides a comprehensive
analysis of the present applications, technical
challenges, and areas of research that need to be
addressed in relation to DT in FPAs. An investigation
is carried out on the resources that were published
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between the years 2000 and 2023. This investigation
covers a wide range of source forms, including
journal papers, conference papers, and book series.
Some of the search terms that were included in the
articles were "Digital Twin," "Fluid Power Systems,"
"Fluid Power Application,” "Hydraulic Systems,"
"Pneumatics Systems," "Applications,” "Challenges,"
"Future Directions,” "Implementation,” and
"Manufacturing," among others. In each section of
the papers, these terms were joined by a process of
selective combination. Figure 2 can discover the
comprehensive index that may be used to conduct in-
depth literature searches in academic databases.
Over 200 articles from the literature have been
subjected to a thorough analysis based on the rating
of their degrees of relevance. There are 58
publications that have been chosen for inclusion in
the Mendeley database for the purpose of conducting
in-depth reading and analysis. These papers are
extremely pertinent to the objective of the review. A
number of different aspects are covered in these

Scopus, IEEE Xplore,
and Web of Science

Selective Combination
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articles, including the title, the abstract, the
introduction, the applications, the challenges, the
future directions, and the conclusion. For the
purpose of narrowing down the specific research
field that this review will be focusing on, the study
concentrates on the documents that have been
chosen for the database that are restricted to the
domain of "fluid power applications” during the
phase of literature screening.

Fluid Power Applications

As outlined below, this thorough study explores
hydraulic and pneumatic FP system applications in
numerous industrial areas. This section shows the
importance of FP systems in many ways through
numerous applications. However, DT technology has
not yet been used to improve these systems. This

section discusses DT implementation in the
described applications. It examines the DT's
advantages over existing systems, potential

implementation issues, and predicted outcomes.

November 20, 2023

“Title”, “Abstract” or
“Keywords” of papers

Term
Location

Journal papers,
Conference papers and
Book Series

Figure 2: Literature Search Content: Academic Database
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Industrial earthmovers: The discussion begins
with earthmoving equipment,
hydraulic systems are dominant. The study focuses
on valve-controlled hydraulic systems, actuators,
pumps, and energy recovery technologies. This
research highlights hydraulic systems' performance
in heavy machinery and their importance in control
and energy efficiency (17).

Mobile robot: The study uses strong hydraulic and
pneumatic technologies to overcome mobile robot
height limits. Pneumatic spiral lift actuators modify
height and permit leg mobility. This technology
allows the robotic system to navigate diverse
landscapes and overcome obstacles, showcasing
FPA's extraordinary dexterity and versatility (18).
Flight control: The next portion of the examination
addresses a major aviation change: airplane
actuators switching from hydraulic to electrical
systems. The concentration on EHAs and EMAs
indicates a noteworthy shift toward electric aviation
technologies. This shift emphasizes efficiency
improvements and shows aerospace
engineering FPAs are changing (19). The aircraft
industry has the potential to greatly benefit from the
integration of DT into FP systems. These
sophisticated models enable precise monitoring and
analysis of FP systems utilized

robust where

how

in airplanes,
guaranteeing optimal performance and safety. DT
provides proactive maintenance, mitigating the
possibility of in-flight malfunctions and decreasing
maintenance expenses. Additionally, they provide
the simulation of highly challenging operational
situations, hence assisting in the development and
Through the
integration of DT, the aerospace sector may improve
the dependability, effectiveness, and security of its
FP systems, ultimately leading to the development of
more sophisticated and robust aircraft designs.

Braking system: This study mathematically models

evaluation of resilient systems.

and experimentally validates a passenger car
system, underlining the
industry's importance. Hydraulic
circuits, tandem master cylinders, brake calipers,
The
importance of FP and validation emphasizes
hydraulic systems' role in reliable and effective car

hydraulic  braking

automotive

and valves are thoroughly examined.
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brakes (20). FP systems in the automobile sector can
be significantly transformed by the implementation
of DT. They provide accurate simulations and testing
of hydraulic and pneumatic components, hence
improving the design and development process.
Utilizing DT, predictive maintenance guarantees the
dependability and durability of these systems, hence
minimizing the likelihood of failures and their
associated expenses. Furthermore, DT facilitates the
enhancement of fuel efficiency and emissions
control, coinciding with the industry's commitment
to adopting more environmentally friendly
technologies. Through the utilization of DT,
automobile makers can attain elevated performance
benchmarks, enhance vehicle safety, and expedite
advancements in FPAs.

Agricultural machinery: Tractors use hydraulic
systems for steering and propulsion, as shown by
agricultural machines. investigates
hydraulic systems' complexity, including variable
displacement pumps, directional control valve
blocks, and proportional solenoid valves. This study
examines hydraulic systems used to give agricultural
machinery better steering modeling and control
issues (21).

Workpiece turnover: Industrial automation is the
subsequent section of the study, which introduces a

This article

hydraulic system for regulating a workpiece
turnover mechanism in an automated manufacturing
line. To create a complete system, pumps, valves,
cylinders, and reservoirs are carefully
interconnected. A PLC for electrical control shows
how FP and automation work together in industrial
settings (22).

Injection moulding: Further research shows that
injection moulding machines use a sophisticated
servo-hydraulic system to imitate filling and packing.
Using a Proportional-Integral-Derivative (PID)
controller and a thorough assessment approach,
injection moulding machine hydraulic systems can
achieve accuracy and regulation (23).

Tube bender: The next topic focuses on energy
efficiency, specifically hydraulic tube bender design
to save energy. The use of an internal gear pump and
AC servomotor shows how hydraulic systems can
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reduce energy usage, highlighting the vitality of FP in
sustainable production (24).

AUV docking: The study shows how a hydraulic
system docks a multi-freedom
underwater vehicle (AUV). The hydraulic system
controls shaft locking, heading angle, roll angle, pitch
angle, AUV locking, and charging. It is built for the
harsh deep-sea environment (25).

Industrial - gripper: In industrial automation,
pneumatic gripper devices are utilized for pick and
place. Compressed air can operate cylinders and
valves quickly, cleanly, and cost-effectively in
industrial applications (26).

Adaptive-clamping CNC: Industrial automation
continues with Smart Clamping Force Control. This
electro-pneumatic system clamps and unclamps
workpieces on a CNC machine tool using pneumatic
components. The seamless integration of pneumatic
components with electrical control systems shows
FP's versatility and efficiency industrial
automation (27). The implementation of DT in FP
systems has substantial ramifications for the
industrial sector. Utilizing DT allows for continuous
monitoring and proactive maintenance, resulting in
decreased periods of inactivity and improved
operational effectiveness. Through the process of

autonomous

in

simulating and analyzing the performance of their FP
systems, organizations can enhance the efficiency of
systems, leading energy
consumption and improved productivity. In
addition, DT enhances decision-making by offering

these to reduced

extensive data insights, enabling firms to foresee and
resolve possible difficulties before they worsen. This
technical innovation is positioned to completely
transform industrial operations, enhancing their
efficiency, cost-effectiveness, and sustainability.

Locomotive system: The study paper then
discusses locomotives and gives a one-dimensional
pneumatic and brake system virtual model. The
screw compressor unit, compressed air-drying
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package unit, brake cylinders, pipelines, reservoirs,
and control valves are meticulously modelled in this
pneumatic system model. The importance of energy
economy and speed criteria emphasizes the
pneumatic system's role in modern train braking
(28).

Conveyor robot: In industrial automation, conveyor
robot systems use pneumatic systems to grip and
manipulate things. Pneumatic systems
compressed air as their power source. These systems
require a compressor, air tank, pneumatic cylinders,
solenoid valves, and sensors. These parts form the
pneumatic circuit. Pneumatic systems are suitable
for industrial automation due to their speed,
cleanliness, affordability, and ease of maintenance
(29).

Lift-assist manipulator: The following section
discusses the importance of the lift-assist pneumatic
manipulator. The pneumatic system's double-acting
cylinder provides manipulator lifting power.
Pneumatic systems in material handling can achieve
great accuracy and flexibility by using a control
strategy and dynamic air pressure changes (30).
Boxes sorting machine: This paper concludes by
discussing the importance of automated sorting in
packing and the use of pneumatic systems in carton

use

box sorting machines. In industrial automation,
pneumatic cylinders and direction control valves are
used to classify carton boxes by size, focusing on
cost-effectiveness and productivity gains (31).

This extensive review paper discusses hydraulic and
pneumatic system's widespread and important uses
in numerous sectors. FP is essential in heavy

equipment, robotics, aerospace, automobile,
renewable energy, and industrial automation. These
systems  underpin  technical = advancement,

operational efficiency, and innovation. However, DT
technology is being investigated to improve these
systems. This section summarizes DT deployment in
the described applications as shown in Table 1.
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Table 1: Potential of DT Concept in Current FPAs
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Advantages Over

Application Digital Twin . Traditional Challenges Poter.ltla-l

Implementation Implications
Approaches

Industrial Real-time Improved predictive = Complex data Reduced downtime,

Earthmovers monitoring and maintenance, security and improved

17 control using sensor  enhanced efficiency  integration performance
data

Mobile Robot Virtual hydraulic Better design Calibration and Increased

(18) system dynamics validation, cheaper model correctness adaptability,
simulation prototyping navigation precision

Flight Control Real-time electro- Reduced weight, Synchronization More electric

(19) hydrostatic actuator ~improved reliability =~ and latency airplane, safer
monitoring difficulties

Braking System Brake system digital Improved anti-lock Cybersecurity, Increased safety,

(20) representation braking algorithms, system better braking

faster response integration

Agricultural Variable-condition Improved mobility Validation and Increased

Machinery hydraulic system and handling over model correctness productivity, precise

(21) simulation difficult terrain guiding

Workpiece Automated process  Best control, shorter  Integration with Automation boosts

Turnover (22)

Injection
Moulding
(23)

Tube Bender
(24)

AUV Docking
(25)

Industrial -
Gripper
(26)

Adaptive-
Clamping CNC
(27)

digital simulation

Simulation of filling
and packing in real
time

AC servomotor and
internal gear pump
digital
representation
Real-time hydraulic
control simulation
for multi-freedom
device

Pneumatic gripper
system digital
representation

Electro-pneumatic
clamping system DT
implementation

cycle time

Precise control,
energy savings

Precision flow and
pressure control,
energy savings

Greater control and
adaptability

Quicker, more
adaptable pick-and-
place operations

Real-time clamping
force adjustment

current systems

Model precision
and
computational
load

Systems'
complexity and
integration

Latency and
communication
issues

Calibration and
model correctness

Integration with
current systems

production
efficiency
Improved injection
molding research,
energy-efficient
designs
Energy-efficient
tube bending,
greener

More efficient deep-
sea operations, less
manual intervention

Cost-effective
industrial
automation,
efficiency gains

CNC tool clamping
improved, and
mistakes decreased.
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Locomotive Real-time Simulated workflow, Model precision Improved
System pneumatic and component and locomotive braking
(28) brake simulation optimization computational safety and efficiency
load
Conveyor Pneumatic cylinder  Fast, clean, and Model precision Effective pick-and-
Robot and valve DT cheap motion and place robots,
(29) implementation control computational automation
load
Lift-Assist Lift-assist double- Ideal air pressure for  Strategic control Reduced lifting
Manipulator acting cylinder lifting, reduced and calibration errors, improved
(30) simulation in real balancing errors performance

time

Boxes Sorting Virtual pneumatic

Cost-effective and

Calibration and Improved carton

Machine cylinder and flexible sorting model correctness box sorting,
(31) direction control industrial
valve simulation automation

Digital Twin in Fluid Power Applications
DT have become prominent and influential tools in
the domain of FPAs, providing versatile applications
that encompass aspects like design,
operations, and maintenance. The complete review
study emphasizes the exploration of the exploitation
of hydraulic and pneumatic components and

various

systems in relation to the DT, demonstrating the
extensive range of their impact on numerous aspects.
Manufacturing and mechatronics: This research
highlights the significant importance of digital twins
as a valuable tool for simulating and optimizing
complex interactions among various components,
such as pumps, valves, and other elements, inside
fluid power systems. The statement underscores
their proficiency in enhancing the efficiency of fluid
power applications while offering immediate data
for cost reduction and comprehensive process
This
examines and verifies control programs throughout
the development process, thereby preventing
collisions and damage during physical testing.
Performing parameter analysis at an early stage
enables the optimization of machine design by
the complexity of
Continuous monitoring facilitates the use of data to
predict maintenance needs, improving
productivity and optimizing maintenance schedules.
DT simulations mitigate the possibility of human
mistakes during physical testing, ensuring control

understanding. technology  thoroughly

considering simulations.

hence
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program and design verification are error-free. DT
streamlines the handling of extensive quantities of
sensor and operational data in intricate systems,
resulting in cost savings and rendering them
indispensable for mechanical, mechatronic, and
manufacturing applications (32).
Educational-development workplace: This study
emphasizes the importance of Unity and OPC UA in
FP system DT development. This integration allows
virtual simulation and visualization of hydraulic and
pneumatic components and their complex linkages
(33).

Production line: The educational platform-specific
Game Automation Framework is software. The Game
Automation framework is used to implement DT in
FPAs in this document. The platform emphasizes
bidirectional communication and interactivity,
making it useful for hands-on learning in design
creation, performance testing, and predictive
maintenance (34).

Hydraulic system - detecting leaks: The study
presents a compelling instance of a digital twin of a
hydraulic system that is specifically designed for leak
diagnosis applications. The combination of real-time
data with Internet of Things (IoT) technologies
demonstrates the promise for enhanced monitoring,
control, and accurate diagnosis of hydraulic systems,
specifically within water distribution networks. By
providing remote monitoring and control

capabilities, this technology enables real-time
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simulations that are synchronized with sensor
readings, making it easier to discover anomalies. The
DT structure facilitates remote online leak diagnosis
using a genetic algorithm. Intuitive interfaces
facilitate the ability to control systems from a
distance and visually observe the outcomes of
diagnostic tests. Analytical capabilities, such as
consumption pattern analysis and predictive
maintenance, can be facilitated by storing historical
data in the cloud. The modular design guarantees the
potential to scale up, allowing the DT concept to be
easily adjusted for larger sections of water networks
or entire districts (35).

Rolling mill coilers: This study examines producing
and using DT aggregates in mechatronic rolling mill
complexes. This study discusses using DT to
prototype electromechanical and hydraulic systems,
emphasizing virtual commissioning and exact
modeling to improve design and performance (36).
Closed hydraulic system - linear actuator: The
authors put out a proposition for a condition
monitoring technique for a hydraulic system, which
is driven by data and relies on the utilization of a
digital twin. This strategy showcases adaptability
and scalability by employing simulation models and
minimizing the necessity for long test runs.
Consequently, it offers a potential technique for
quick defect identification and maintenance. It
enabled the creation of abundant training data for
machine learning models, effectively replicating the
hydraulic system under different failure scenarios.
The training data for the DT encompassed both
typical and distinct failure types, which are essential
for supervised ML methods. This methodology
necessitated a reduced number of practical trial
iterations after the creation of the model, hence
preserving valuable resources. The DT's flexibility in
accommodating system design modifications
facilitated seamless software updates, in contrast to
the difficulties associated with gathering fresh real-
world data. Furthermore, the utilization of DT
technology allows for the simulation of challenging,
hazardous, or unachievable failure scenarios, hence
expanding the scope of detectable flaws (37).
Predictive maintenance and fault diagnostics:
This case study uses DT models for hydraulic system
defect diagnosis and predictive maintenance. This
work uses virtual representations to solve defect
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identification and maintenance problems, displaying
improved precision and flexibility (38). DT has the
potential to greatly enhance the effectiveness of
predictive maintenance in fluid power applications.
DT can monitor system performance and spot
anomalies early by producing a real-time virtual
replica of the hydraulic system. This feature allows
for the anticipation of possible malfunctions prior to
them causing system breakdowns, enabling prompt
and focused maintenance interventions. DT
improves fault diagnosis accuracy by utilizing
simulation data and historical fault data, resulting in
decreased unexpected downtimes and maintenance
expenses. Implementing this proactive maintenance
strategy not only increases the longevity of hydraulic
components but also guarantees excellent system
dependability and safety.

Energy efficiency - hydraulic systems: This study
uses a DT to evaluate hydraulic system energy-
saving strategies in real-time using the modular
approach. The present approach involves automated
inefficiency detection, operator engagement in
implementation, and a major goal of improving
hydraulic system energy efficiency and cost
reduction (39).

Advanced physics-based modelling: The paper
but i
methodologies can help us understand DT in FPAs.
Complex physics-based models are the initial step to
building DT, which allow planned maintenance and
communication between virtual and actual systems
(40).

Practical training system: A study on smart
production and practical training systems suggests
DT uses in FPAs. DT are excellent for training,
mimicking, and increasing performance because

focuses on smart manufacturing, its

they provide a controlled virtual space for
knowledge and performance (41).
Engine block manufacturing processes:

Manufacturing system literature describes DT as
improving FP efficiency and dependability. Remote
monitoring tracks fluid pressure and valve locations.
Predictive analysis helps discover and resolve
bottlenecks with real-time data integration. DT
security techniques in manufacturing can protect FP
systems against cyberattacks, maintaining their
functionality and security (42).
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Smart manufacturing systems: PLC-influenced DT
enhances FP system efficiency and integration. They
simulate hydraulic components for real-world
performance. This streamlines
integration for industrial internet monitoring and

assembly and

control. Closed control loop DT improve semi-
physical simulation models for FP process evaluation
and optimization before implementation (43).
Mechatronic system: PLCs can improve FP system
management, monitoring, and optimization using
DT. Bidirectional data interchange between the DT
and hydraulic or pneumatic systems allows virtual
control technique testing, enhancement, and
validation (44). Utilizing DT in FPAs enables
sophisticated mechatronics system optimization. DT
offers a comprehensive and dynamic perspective of
the entire FP system, allowing for deep analysis and
real-time monitoring. Engineers have the ability to
replicate different operational situations and detect
inefficiencies inside the system, enabling them to
make accurate modifications and enhancements.
This iterative optimization technique improves
system performance by adjusting settings,
minimizing energy usage, and ensuring optimal
system operation. As a result, DT plays a role in
increasing productivity and promoting sustainable
operations in fluid power applications.

Automation line: The paper explores DT technology
in higher education and suggests using it to educate
FP systems. DT allows students to undertake online
laboratory experiments that mimic real-world
industrial processes. This offers new ways to teach
and study FP systems (45).

Geothermal drilling system: DTs are used in
geothermal drilling, and their use in FP systems is
worth investigating. DT can simulate hydraulic and
pneumatic components for real-time monitoring,
control, and troubleshooting, improving efficiency
and dependability (46). DT greatly enhances overall
efficiency in fluid power applications by closing the
gap between the physical and virtual domains. They
provide the smooth incorporation of real-time data
with sophisticated analytics and machine learning
algorithms, offering a strong foundation for making
decisions based on data.
approach guarantees that every component of the FP
system, including design, testing, operation, and
maintenance, is optimized to achieve maximum

This comprehensive
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efficiency. The utilization of DT enables a seamless
feedback loop, enabling swift adaptation to evolving
circumstances and prompt execution of remedial
measures. Consequently, fluid power systems exhibit
more adaptability, resilience, and efficiency,
resulting in improved productivity and decreased
operational expenses.

Elevator security system: The study uses analogies
to explain developing a Digital Triplet for FP systems.
To accomplish this, use Siemens NX to create a
virtual model and connect it to a PLC-controlled
physical model. Through two-way communication,
OPC-UA allows FP system monitoring, decision-
making, and problem identification in real time (47).
Parallel robot controlled: In FP applications, DT
streamlines planning and commissioning. DT are
living models that collect IoT sensor data in real-
time, like parallel robots. Testing, visualizing, and
tuning hydraulic and pneumatic parts remotely with
this virtual model speeds up development and
commissioning (48).

Machine tool: This study suggests applying CNC
machine ideas to FP systems. DT create virtual
models that precisely simulate and validate
hydraulic and pneumatic components before real-
world installation. Real-time data integration and
visualization technologies help analyze FPA
performance and future trends (49).
Reconfigurable assembly system: The paper
highlighting the significance of physical modeling-
based DT in providing a virtual testbed for enhancing
the design, operations, and maintenance of intricate
real-world FPAs. DT provide a complete and detailed
model of the full FP system. They allow for system-
level simulations, exploration of design possibilities,
and optimization of hydraulic circuits to enhance
efficiency (50).

Material handling system: Studying how to create
a digital simulation of a material handling system can
be applied to FP applications. The simultaneous
interaction between the digital replica and the
physical system improves data-driven decision-
making, displaying industrial technique applications
(51).

The review paper provides a comprehensive analysis
of DT applications in FPAs, demonstrating their
transformative potential in several domains. Table 2
provides a concise overview of the specified
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applications in terms of their relationship to DT
components, the role of DT, and the key technologies
involved. They have developed a novel method to

Table 2: Comprehensive Literature Review of DT in FPA
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enhance efficiency, ensure reliability, and facilitate
research and teaching in the domains of FP
technology.

Case Study DT Components Role of DT Key Summary
Technology
Manufacturing and Pump, valves,and  Simulation, Unity (3D), DT technology improves
Mechatronics elements interface OPC UA, SQL hydraulic and pneumatic
(32) simulation refinement, Server process efficiency and
performance reliability
optimization
Educational- 3D objects like Virtual MS SQL Emphasizing interactive
Development cylinders simulation, Server education and ease of
Workplace visualization database, configuration testing
(33) OPC UA,
Unity (3D),
Production Line Scripts, 3D objects, Troubleshootin Unity (3D), Practical method for
(34) bidirectional g, simulation, OPCUA learning FP systems using
communication hands-on Game4Automation
learning
Hydraulic System - Measurements in Remote EPANET, IoT, The application pertains to
Detecting Leaks real-time, EPANET monitoring, OPCUA the real-time detection and
(35) model, [oT control, and identification of leaks in
microcontrollers leak diagnosis water distribution networks
Rolling Mill Coilers Virtual Testing, Simulation Gain valuable insights into
(36) commissioning, prototyping, models DT' many uses in hydraulic
Object-oriented commission- subsystem design and
DT ing performance optimization
Closed Hydraulic Condition Adaptability, Data-driven Showing how DT may train
System - Linear monitoring, scalability, approach, condition monitoring
Actuator simulation model reduced data cyber- algorithms for adaptability
(37) collection physical and scalability.
system
Predictive The utilization of Fault diagnosis, Five- Proposed hydraulic system
Maintenance and DT technology for  predictive dimensional fault diagnostic and
Fault Diagnostics problem diagnosis  maintenance, model, user predictive maintenance DT

(38)

Energy Efficiency -
Hydraulic Systems
(39)

and predictive
maintenance.

The real-time
evaluation of
energy efficiency
measures

expert advice

The automatic
detection of
inefficiencies
and the
provision of
real-time
interaction

interface

Real-time
simulation
models, and
Expert
system

framework

DT for real-time energy
efficiency detection and
implementation
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Advanced Physics-
Based Modeling
(40)

Practical Training
System
(41)

Engine Block
Manufacturing
(42)

Smart
Manufacturing
Systems

(43)
Mechatronic
System

(44)

Automation Line
(45)

Geothermal
Drilling System
(46)

Elevator Security
System
(47)

Parallel Robot
Controlled
(48)

Real-time
synchronization,
and Physics-based
models
Simulation

Simulation
models, Real-time
monitoring,
visualization tools

Virtual
representations

Bidirectional data
flow, Virtual
commissioning,
real-time
monitoring
Virtual models,
debugging

Virtual entity, real-
time monitoring

Virtual model

Dynamic
visualization, real-
time data, [oT
sensors

Optimization,
monitoring,
predictive
maintenance
Optimization
and training

Optimization,
predictive
analysis,
remote
monitoring
Assembly and
integration,
monitoring,
validation

Optimization,
control logic
validation,
testing

Education,
training,
distance
learning

Control, fault
detection,
monitoring

Monitor,
discover
anomalies in
real time

Commissioning

, design,
education

Virtual
sensors

Intelligent
control
systems,
Human-
machine
interaction,

IoT (Internet
of Things)

PLC, OPC-UA

Virtual
testing, real-
time
communicati
on

Virtual
testing

Siemens NX
(MCD), PLC,
OPC
standards

Machine
learning,

PLC, Siemens
NX (MCD)

IoT

Using virtual sensors and
physics-based models to
understand health and
performance

Simulation, monitoring, and
optimization of hydraulic
and pneumatic components
using DT

The utilization of
sophisticated monitoring
techniques and predictive
analysis

Makes it easier to assemble,
integrate, and test different
hydraulic and pneumatic
components smoothly

DT are a useful tool for the
control, monitoring, and
optimization of hydraulic
and pneumatic systems in
the FP domain

Gives students the chance to
perform virtual labs that are
similar to those in the
industry, which supports
remote learning and
facilitates programming
practice

Has the capacity to improve
hydraulic system fault
diagnostics and detection for
increased dependability and
efficiency

Shows potential for
enhancing industrial
environments' security,
control, and monitoring

Provides a flexible and
effective method for FP
system design,
commissioning, and training
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Machine Tool Simulation, real- Condition Models for DT are a vital resource for
(49) time data monitoring, collision FP systems performance
integration, design space detection, optimization, safety
physical modeling  exploration data enhancement, and remote
visualiza-tion = monitoring
tools
Reconfigurable Comprehensive Condition Model-based  Virtual testbed for
Assembly System system modeling monitoring, Approaches sophisticated real-world FP
(50) and simulation design space system optimization in
exploration terms of design, operation,
and maintenance
Material Handling  Decision-support Data-driven Cyber- Use of DT in FP systems to
System modules, decision- Physical improve manufacturing
(51) simulation models making, Real- System, process efficiency and make
time Advanced data-driven decisions
interaction simulations

Technical Challenges
Using DT in FPAs presents many technological
challenges that demonstrate the complexity of this
field (52). In Figure 3, these issues demonstrate the
direction for future research and development,
emphasizing the need for creative solutions. Lack of
fluid system data, especially working fluid data, is a
major issue. Data scarcity hinders the construction of
precise digital copies for FP components, requiring
creative solutions (52). Fluid dynamics complicates
DT creation more than electromechanical drives.
Unlike other components, FP components require
extensive fluid dynamics
production, commissioning, and maintenance. This
complexity presents a substantial challenge that
requires focused attention in the development of DT
for FPAs (52). Fluid data assimilation into DT is a
major challenge, requiring user-friendly systems.
monitoring and evaluation of FP
components throughout their life cycle adds
technical complexity. In a dynamic and intricate FP
resilient methods

analysis throughout

Real-time

environment, for real-time
modeling and assessment of systems within a DT are
needed to achieve this goal (52). In FP systems,
simplifying complexity and organizing data for

planning is a technological problem. DT models
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should be used for future planning with inventive
ways that streamline and improve information (52).
Hydraulic systems provide technical challenges. The
measurement of time-varying parameters directly
during operation is difficult due to parameter
uncertainty and invisibility. Intrusive measurements
are limited by the hydraulic component's sealed and
integrated construction. Thus, non-invasive output
measures matter (53). Real-time applications like
predictive maintenance complicate hydraulic system
modeling, which involves multi-physics interactions
(53). Optimization is more complicated without
parameter data and requires artificial
intelligence/machine learning (53). Multi-scale
dynamics in hydraulic systems and data availability
and quality concerns complicate DT creation (53).
DT adds complexity to big data systems, posing
questions about how they interact with machine
learning. Precision methods are needed to evaluate
DT in FP systems. This requires quantitative
comparisons to improve evaluation reliability (54).
Modeling and data use must be precise to build DT
throughout their life cycle, test them in real
industrial sectors, and use artificial intelligence for
decision-making (55). Standardizing communication
interfaces, integrating cyber-physical systems, and
standardizing procedures underline the need for a
holistic approach (55).
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Data scarcity impedes
the proper
construction of DT for
fluid power elements

The simplification
of DT models for
effective future
planning presents

Complex system

properties make
high fidelity
modelling of fluid

power systems a significant
difficult challenge
The difficult For DT frameworks, real -

integration of time monitoring in the

flowing data into DTs % dynamic fluid power

necessitates user - @ environment poses a

friendly solutions complex challenge

Figure 3: Technical Challenges in Implementation of DT for FPA

Application of manufacturing system issues to FPAs address the problem of data availability, it is
reveals distinct challenges (56). Seamless necessary to build strong data collection frameworks
bidirectional links between physical and virtual and deploy sophisticated sensors to ensure thorough
domains, including sensor technologies, data acquisition. Promoting the sharing of data and
communication protocols, and database collaboration among industry participants can
administration, are crucial (56). High-fidelity facilitate the development of comprehensive data
modeling, automated verification and validation, and repositories, while the implementation of data
data integration are needed to optimize FP system governance standards will ensure the preservation
processes (56). FP models are difficult to build of data quality and reliability (52). Implementing
because complex system aspects make it difficult to modular and scalable digital twin models helps
apply industrial knowledge (57). This study focuses simplify the process by reducing complexity (53).
on data creation, management, real-time interaction, Applying sophisticated machine learning and
and  physical-virtual  synchronization  (57). artificial intelligence methods will automate and
Implementation costs, interaction with present IT enhance the process of creating models while
systems, and application scalability across various promoting interdisciplinary collaboration will
fields add complexity, requiring continual R and D harness the knowledge and skills from other fields to
(57). tackle intricate problems (55). It is necessary to
In conclusion, DT in FPAs provides difficult install continuous monitoring systems in order to
technological hurdles that demand interdisciplinary collect real-time data for evaluating performance
methods and continual research of breakthrough (57). Additionally, consistent metrics and
technologies. = These  issues improve DT benchmarks should be developed to measure the
implementation in FP systems when addressed (58). success of DT deployments. Conducting regular

. . audits and reviews can facilitate the identification of
Overcoming Technical Challenges

The review paper further examines the efficient
methods for overcoming the challenges and
restrictions associated with DT in FPAs. In order to

areas that need improvement and guarantee
compliance with industry standards.
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Seamless integration frameworks are crucial for
incorporating fluid data from different sources into
DT models. Utilizing established data formats and
protocols guarantees compatibility between various
systems while employing advanced data fusion
techniques allows for the integration of fluid data
with other pertinent datasets for thorough analysis.
Investing in high-performance computer resources
and partnering with academic and research
organizations can enhance high-fidelity modeling by
utilizing state-of-the-art modeling methodologies
(56). Consistent verification and improvement of
models are essential to uphold correctness and
dependability. In order to tackle the intricacies of
fluid dynamics, it is necessary to carry out
fundamental research to improve comprehension
across different applications and to create simplified
yet precise models that can encapsulate the essential
aspects of fluid dynamics (54). By integrating
empirical data with computer simulations, the
validity and precision of fluid dynamics models can
be enhanced and verified (58).

Research Gaps

As academics have studied modeling, simulation, and
control, DT for FPAs have advanced. As in any
developing topic, there are still substantial gaps in
the information that give opportunities for further
research. These research gaps must be identified to
direct scholars toward untapped potential and
unknown challenges. This section discusses research
gaps and recommends future directions.
Interoperability and Standardization: The
following investigations should prioritize the
development of industry norms and protocols to
ensure smooth communication and compatibility
among DT implementations. This will improve
cooperation and knowledge sharing in a diverse DT
environment.

Real-time implementation Many DT
methods focus on offline simulation and analysis.

issues:

Real-time implementation requires fast and effective
algorithms, reliable data
seamless integration with physical systems with low

communication, and
latency. To enable DT implementation in real-time
FPAs, further research should address these issues.

Multidisciplinary approaches: Interdisciplinary

FPAs involve fluid dynamics, control theory,
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mechanical engineering, and electrical systems.
Current research often focuses on specific topics,
avoiding field integration. To better represent FP
systems, future research should create broad DT
models that contain domain
interdependencies.

Quantify uncertainty and analyse sensitivity:
Uncertainties linked to parameters, operating
circumstances, and external factors must be
considered to accurately estimate FP system
dynamics. Quantifying uncertainty and sensitivity
analysis in DT models should be the focus of future
study. This will help us understand system behaviors
in diverse settings and assure more accurate data.
Advanced machine learning integration: Some
research has used machine learning (ML)
approaches in DT models for FP systems, although
complex ML algorithms have not been thoroughly
investigated. Deep learning, reinforcement learning,
and other complex machine learning methods may
be used to improve DT accuracy and flexibility in
forecasting system behavior and optimizing FPAs.
Benchmarking and validation: Verifying FP DT
models remains a major challenge. Standardized
validation techniques and benchmarking criteria for
DT methodology precision and dependability need
more study. This simplifies model comparison and

synergies and

improves DT calculations.

Overall, the identified research gaps and potential
areas for further research show that the DT sector
for FPAs is ever-changing. Addressing these issues
can help researchers create robust, precise, and
transdisciplinary DT solutions. This will spur
innovation and enable FP technology applications
using DT.

This review paper makes a substantial contribution
to the present knowledge of DT in FPAs by
summarizing recent progress and discussing future
possibilities. The review thoroughly addresses
research gaps such as  interoperability,
standardization, synchronization
problems, which are essential for the successful
implementation of DT. The research additionally

and real-time

investigates particular instances of FPAs in which DT
might augment predictive maintenance, optimize
system performance, and promote overall
operational efficiency in the industrial, automotive,
and aerospace sectors. Furthermore, the review
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highlights areas of research where there is a lack of
information, such as quality uncertainty,
sophisticated machine learning algorithms, and the
necessity for reliable benchmarking and validation
methodologies. The paper's focus on addressing
these gaps contributes to the advancement of
scholarly knowledge and offers practical insights on
how to effectively utilize DT technologies to improve
the resilience and performance of FP systems in
various industrial settings.

Conclusion

To summarize, this work has presented a thorough
examination of the present applications, technical
challenges, and areas of study that pertain to DT in
FP systems. This paper emphasizes the significance
of utilizing DT technology to improve efficiency,
maintenance, and decision-making in fluid power
engineering. It achieves this by examining current
implementations and highlighting the potential
advantages of implementing DT. The study
highlights the significance of addressing real-time
implementation which
robust solutions due to the complex processing
and the requirement for seamless
integration with physical FP systems. The effective
incorporation of DT into the complex domain of FP
systems requires both acknowledging the potential

challenges, necessitate

demands

advantages and taking a proactive stance in
resolving related issues. The inclusion of information
in this synthesis aims to strengthen current
understanding and provide clarity on future
directions, covering research areas such as the
integration of advanced machine learning, the
establishment of
procedures, and the important focus on quantifying
uncertainty and analysing sensitivity.

Finally, integrating DT technology into FPAs
advances the area. DT improve FP system efficiency

standardized validation

through virtual replicas, real-time data analysis, and
predictive modeling. This revolutionary technology
could transform industrial maintenance,
performance, and innovation. DT will become
essential for FP engineering productivity and
sustainability as they evolve. This study helps
academics and professionals drive innovation and

implementation in the dynamic field of DT for FPAs.
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Abbreviation

Abbreviations used in this review are defined at their
first occurrence in the manuscript.
AUV: Autonomous Underwater Vehicle
DT: Digital Twin

EHA: Electro-hydrostatic Actuators
EMA: Electromechanical Actuators

FP: Fluid Power

FPA: Fluid Power Application

[oT: Internet of Things

MCD: Mechatronics Concept Designer
ML: Machine Learning

PLC: Programmable Logic Controller
PID: Proportional-Integral-Derivative
SLR: Systematic Literature Review
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